The Ancient Heritage of Water Ice in the Solar System
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Identifying the source of Earth’s water is central to understanding the origins
of life-fostering environments and to assessing the prevalence of such envi-
ronments in space. Water throughout the solar system exhibits deuterium-to-
hydrogen enrichments, a fossil relic of low-temperature, ion-derived chemistry
within either (i) the parent molecular cloud or (ii) the solar nebula protoplane-
tary disk. Utilizing a comprehensive treatment of disk ionization, we find that
ion-driven deuterium pathways are inefficient, curtailing the disk’s deuterated
water formation and its viability as the sole source for the solar system’s water.
This finding implies that if the solar system’s formation was typical, abundant

interstellar ices are available to all nascent planetary systems.

Water is ubiquitous across the solar system, in cometary ices, terrestrial oceans, the icy



moons of the giant planets, and in the shadowed basins of Mercury (/, 2). Water has left its
mark in hydrated minerals in meteorites, in lunar basalts (3) and in martian melt-inclusions (4).
The presence of liquid water facilitated the emergence of life on Earth, and thus understanding
the origin(s) of water throughout the solar system is a key goal of astrobiology. Comets and
asteroids (traced by meteorites) remain the most primitive objects, providing a natural “time
capsule” of the conditions present during the epoch of planet formation. Their compositions
reflect those of the gas, dust, and — most importantly — ices encircling the Sun at its birth, i.e.,
the solar nebula protoplanetary disk. There remains an open question, however, as to when and
where these ices formed, whether they 1) originated in the dense interstellar medium (ISM) in
the cold molecular cloud core prior to the Sun’s formation, or ii) are products of reprocessing
within the solar nebula (5-7). Scenario 1) would imply that abundant interstellar ices, including
water and presolar organic material, are incorporated into all planet-forming disks. By contrast,
local formation within the solar nebula in scenario i11) would potentially result in large water
abundance variations from stellar system to system, dependent upon the properties of the star
and disk.

In this work, we aim to constrain the formation environment of the solar system’s water
using deuterium fractionation as our chemical tracer. Water is enriched in deuterium relative
to hydrogen (D /H) compared to the initial bulk solar composition across a wide range of solar
system bodies, including comets, (8, 9), terrestrial and ancient Martian water (4), and hydrated
minerals in meteorites (/0). The amount of deuterium relative to hydrogen of a molecule de-
pends on its formation environment, and thus the D/H fraction in water, [D/H]y; ., can be used
to differentiate between the proposed source environments. Interstellar ices, as revealed by
sublimation in close proximity to forming young stars, also exhibit high degrees of deuterium-
enrichment, ~ 2 — 30X that of terrestrial water (//—/4). It is unknown to what extent these

extremely deuterated, interstellar ices are incorporated into planetesimals or if instead the in-



terstellar chemical record is erased by reprocessing during the formation of the disk (75, 76).
Owing to its high binding energy to grain surfaces, theoretical models predict that water is deliv-
ered from the dense molecular cloud to the disk primarily as ice with some fraction sublimated
at the accretion shock in the inner tens of astronomical units (AU) (/5). If a substantial fraction
of the interstellar water is thermally reprocessed, the interstellar deuterated record could then
be erased. In this instance, the disk is left as primary source for (re-)creating the deuterium-
enriched water present throughout our solar system.

The key ingredients necessary to form water with high D/H are cold temperatures, oxy-
gen, and a molecular hydrogen (Hs) ionization source. The two primary chemical pathways for
making deuterated water are: (i) gas-phase ion-neutral reactions primarily through HoD*, and
(i1) grain-surface formation (ices) from ionization-generated hydrogen and deuterium atoms
from H,. Both reaction pathways depend critically on the formation of HoD*. In particu-
lar, the gas-phase channel (i) involves the reaction of HoyD™ ions with atomic oxygen or OH
through a sequence of steps to form HoDO™, which recombines to form a water molecule.
The grain-surface channel (ii) is powered by HyD™ recombination with electrons or grains,
which liberates hydrogen and deuterium atoms that react with oxygen atoms on cold dust
grains. HoD™ becomes enriched relative to Hj due to the deuterated-isotopologue being en-
ergetically favored at low temperatures. There is an energy barrier AL, to return to Hi, i.e.,
Hy + HD = H,D" + Hy+ AE;, where AE; ~ 124 K, though the precise value depends upon
the nuclear spin of the reactants and products (/7). The relatively modest value of A F; restricts
deuterium enrichments in H3™ to the coldest gas, 7" < 50 K. Thus, deuterium-enriched water
formation requires the right mix of environmental conditions: cold gas, gas-phase oxygen and
ionization.

The conditions in the dense interstellar medium, i.e., the cloud core, readily satisfy these

requirements, where temperatures are typically 7" ~ 10 K and ionization is provided via galactic



cosmic rays (GCRs). In this regard, the conditions in the core and in the outermost regions
of the solar nebula are often thought of as analogous (/8). This is because the outskirts of
protoplanetary disks typically contain the coldest (7" < 30 K), lowest density gas, and are
often assumed to be fully permeated by GCRs. However, the efficacy of GCRs as ionizing
sources in protoplanetary disks has been called into question due to the deflection of GCRs by
the stellar winds produced by young stars (/9). Even the mild, modern-day solar wind reduces
the GCR ionization rate, (gcr, by a factor of ~ 100 below that of the unshielded ISM. Limits
on protoplanetary disks’ molecular ion emission indicate low GCR ionization rates, (gcr <
3 x 10717 s7! (20). In the absence of GCRs, disk midplane ionization is instead provided
by scattered X-ray photons from the central star and the decay of short-lived radionuclides
(SLRs), where the latter’s influence decreases with time (27). In addition, the core-disk analogy
breaks down with regard to gas density. At the outermost radius of the protosolar gaseous disk,
Rous ~ 50 —80 AU (17), the typical disk density is n ~ 10*® cm~3. This value is approximately
five orders-of-magnitude higher than typical values within the interstellar molecular core (22).
The steady state ion abundance is proportional to \/C/_n, where ( is the ionization rate and n
is the volumetric gas (hydrogen) density. For a constant ionization rate, a density increase of
10% corresponds to ; being a factor of ~ 300 below that expected in the ISM. Thus, wind or
magnetically driven deflection of ionizing GCRs, coupled with high gas densities will strongly
inhibit the disk from generating deuterium enrichments through the standard cold chemical
reactions (i) and (ii), described above.

To test the disk hypothesis, we explore whether ionization-driven chemistry within the disk
alone is capable of producing the deuterium-enriched water that was present in the early solar
system. We have constructed a comprehensive model of disk ionization, including detailed
radiative transfer, reduced GCR ionization and SLR decay. To simulate the “reset” scenario,

i.e., all interstellar deuterium enhancement is initially lost, we start with unenriched water with



bulk solar D/H composition, [D/H];; = 2.0 & 0.35 x 107° (23), and quantify the maximum
amount of deuterated water produced by chemical processes in a static protoplanetary disk over
1 Myr of evolution. The goal is to determine whether or not the conditions present in the
solar nebula were capable of producing at minimum the measured isotopically enriched water
in meteorites, ocean water (VSMOW), and comets (see Fig. 1). We do not attempt to address
the eventual fate of this water by additional processing, i.e., by radial or vertical mixing, which
tends to reduce the bulk D /H ratio in water (24, 25).

Instead, our emphasis is on the physical mechanism necessary for D /H enrichment: ioniza-
tion. We illustrate the suite of ionization processes considered in the traditional picture of disk
ionization (Fig. 2a) alongside a schematic for our new model (Fig. 2b). More specifically, we
include “solar-maximum’ levels of GCR wind-modulation for the incident GCR rate, a factor of
~ 300 below that of the ISM, Monte Carlo propagation of X-ray photoabsorption and scattering,
and ionization by SLR decay products, including losses in the low density (Xg.s < 10 g cm™2)
regions of the disk (/7). The total Hy ionization rate is shown in Figures 2c and 2d. It can
be seen that while the warm surface layers (Xzs < 1 g cm™2) are strongly ionized by stel-

~

lar X-rays, (xg = 107'° s!, the midplane is comparatively devoid of ionization due to the
modulation of incident GCRs (Fig. 2d).

To compute molecular abundances, we compile a simplified deuterium reaction network de-
signed to robustly predict the D/H in water resulting from gas-phase and grain-surface chem-
istry (/7). We include both ion-neutral and the hot-phase neutral-neutral water chemistry (26),
as well as self-shielding by HD and Dy, in addition to the standard chemical network (/7). We
include an updated treatment of the inherently surface-dependent CO freeze-out process mo-
tivated by new laboratory data on CO ice binding energies (/7). CO freeze-out is important

for the present study as CO regulates the amount of oxygen present in gas above 7" > 17 K

and available for new water formation. We place the majority of volatile carbon in CO and



the rest of the oxygen not in CO in water ice (/5) (see Supplementary Materials for additional
runs (17)). We examine the final D/H of water ice after 1 Myr of chemical evolution, i.e.,
the approximate lifetime of the gas-rich disk and, correspondingly, the duration over which the
disk is able to build up deuterated water (see Fig. 3). The ions are most abundant in the upper,
X-ray-dominated surface layers, whose temperatures are too warm for significant deuterium
enrichment in [D/ H]H;. The bulk ice mass is closest to the cold midplane, where only a meager
amount (per unit volume) of H; and H,D™ remain in the gas, a consequence of low ionization
rates and high densities.

In addition to spatial abundances, we provide ratios of the vertically integrated column
densities of both ions and ices (Fig. 3, bottom). The choice of VSMOW as a benchmark is
somewhat arbitrary considering that comets exceed [D/H] in VSMOW by factors of 1-3x and
meteorites have typically lower values, a factor ~ 2 less (Fig. 1). The column-derived [D/ H]H;
approaches — but does not reach — VSMOW after 1 Myr at the outer edge of the disk. More-
over, most of the molecules that contribute to the column density ratio of [D/H] HY arise in
an intermediate layer of cold (74,5 ~ 30 — 40 K) gas where X-ray photons are still present.
However, it is readily apparent that this enrichment does not translate into [D/H]y . The
most deuterium-enriched water, [D/H]y;, , = 3 x 1077, is co-located with the enriched layer of
D/ H]H3+; however, the water is considerably less enriched than the ions. Over the lifetime of
the disk, the gas-phase and grain-surface chemical pathways do not produce deuterated water
ices in significant quantities. The low water production is due to a combination of (i) a lack
of sufficient ionization to maintain significant amounts of HoD™ in the gas, and (ii) a lack of
atomic oxygen in the gas, locked up in ices. We do find a super-deuterated layer of water at
the disk surface ([D/H]y;,, = 5 x 107°). This layer is a direct consequence of selective self-
shielding of HD relative to Hs, which leads to an over abundance of atomic D relative to H.

Selective self-shielding is also the cause of [D/ H]H3+ falling below the initial bulk gas value



inside of R < 40 AU. This layer does not, however, contribute significantly to the vertically
integrated [D/H]p,0 (bottom panels in Fig. 3).

In summary, using a detailed physical ionization model, updated treatment of oxygen-
bearing (CO) ice chemistry, and a simplified deuterium chemical network, we find that chemi-
cal processes in disks are not efficient at producing significant levels of highly deuterated water.
Our model predicts that disk chemistry can only produce a volume-integrated [D/ H]HQO <
2.1 x 1075, which is only slightly enriched from the bulk solar value (2 x 107°). In terms
of column density, we find that even in the most radially distant (coldest) regions water only
attains [D/H]y, , < 2.5 x 107°. This finding implies that ion-chemistry within the disk can-
not create the deuterium-enriched water present during the epoch of planet formation. When
we begin our models with interstellar [D/H],_, ~ 107%, however, it is hard to “erase” D/H
ratios with low-temperature disk chemistry alone. A number of studies have invoked turbulent
mixing of gas in the radial and/or vertical directions, which can reduce inner-disk deuterium
enrichments in water (24, 25, 27). Moreover, a common feature of such models is that they
begin with high levels of deuterated water, as high as [D/H];; o ~ 1072, In general, mixing
in the vertical direction transports highly deuterium-enriched ices from the shielded midplane
into the X-ray and UV irradiated warm surface layers (28, 29) where they can be reprocessed
to lower D/H. Ices transported radially inward, either entrained by gas accretion or subjected
to radial migration, evaporate in the warm and dense inner disk and isotopically reequilibrate
with Hy or ion-neutral chemistry in hot (7" > 100 K) gas. With our updated disk ioniza-
tion model, we can now exclude chemical processes within the disk as an enrichment source
term and conclude that the solar nebula accreted and retained some amount of pristine inter-
stellar ices. One potential explanation is that during the formation of the disk, there was an
early high temperature episode followed by continued infall from deuterium-enriched interstel-

lar ices (16). If we ignore the negligible contribution to deuterated water formation from the



disk, we can estimate the fraction of water in a particular solar system body, X, that is pre-
solar, fism = (D/Hx — D/Hg) / (D/Hism — D/Hg), where D/Hx refers to [D/H]y 4 in X
and D/Hy = 2 x 107°. Water in the ISM ranges from a limit of [D/H];; o< 2 x 107° in
interstellar ice (/1) to [D/H]y, o= (3 — 5) x 10~* for low-mass protostars, i.e., analogs to the
Sun’s formation environment (/4). If the former, higher value reflects the ices accreted by the
solar nebular disk, then at the very least, terrestrial oceans and comets should contain 2> 7% and
2 14% interstellar water, respectively. If the low-mass protostellar values are representative,
the numbers become 30 — 50% for terrestrial oceans and 60 — 100% for comets. Thus a sig-
nificant fraction of the solar system’s water predates the Sun. These findings imply that some
amount of interstellar ice survived the formation of the solar system and was incorporated into
planetesimal bodies. Consequently, if the formation of the solar nebula was typical, our work
implies that interstellar ices from the parent molecular cloud core, including the most funda-

mental life-fostering ingredient, water, are widely available to all young planetary systems.
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Figure 1: Atomic D/H ratios in solar system (purple) and interstellar (yellow) sources sep-
arated into bulk H, and water. Points indicate single measurements, bars without points are
ranges over multiple measurements, and arrows correspond to limits. D/H in the bulk gas (i.e.,
solar) is indicated as a horizontal blue bar. References are provided in the online supplementary
materials in Table S4.
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Figure 2: Schematic of energetic disk ionization sources (fop row) and the calculated total
H, ionization rate (bottom row). Panels are: (a) a “standard” disk ionization model driven
by X-rays and GCRs; (b) ionization conditions under the influence of a Sun-like wind at solar
maximum, now dominated by X-rays in the surface and SLRs in the midplane; (c) calculated
H, ionization rates for the scenario depicted in Panel (a); and (d) calculated H, ionization rates
from the scenario depicted in Panel (b) and that used within the present paper.
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Figure 3: Chemical abundances and column densities for the drivers of the deuterium
enrichment, the ions; and the corresponding products, the ices. Volume densities (cm~2) of
all labeled isotopologues for Hy (left) and water (right) in filled purple contours. Solid contour
lines indicate local D/H and are as labeled. The color scale applies to both the left and right
halves of the plot. Insets zoom-in on the inner disk with the same axes units. Bottom panel
plots show the vertically integrated D /H ratio of column densities versus radius. The bulk gas
(protosolar) value is labeled by the red dashed line, and the Earth’s ocean value (VSMOW) is
labeled with the black dotted line.
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Supplementary Materials

0.1 Materials and Methods

Physical Model

The disk physical structure is based upon a previously published model of a dust-settled disk
(19) with typical geometric and settling structural parameters reflecting a sample of modeled
dust continuum observations (30). The model has been truncated from its original outer radius
of R = 400 AU to have an outer radius of R = 80 AU, which reflects the maximal radius of
the protosolar disk as determined from dynamical models of the lack of planetesimals on high
inclination orbits (37). This corresponds to a modified disk gas mass of M,,s = 0.008 Mg, from
its original value of M,,s = 0.039 Mg, which is still above the total mass in the Solar System’s
planets (0.002 Mg,) but slightly less than the classical minimum mass solar nebula (MMSN),
derived from integrating an assumed gas surface density profile, Mynsy = 0.01 Mg (32). If
the disk is more radially compact, e.g., R ~ 30 — 50 AU (31, 33, 34), the disk integrated D/H
ratio would be lower as a direct consequence of removing mass where the gas is coldest. In this
instance, disk chemical processes, as determined by our model, could provide up to < 1% of
D/H in VSMOW for an outer disk radius of R = 50 AU.

We emphasize that we have not attempted to recreate a classical MMSN model but have
opted instead to utilize a generic model based upon observations of protoplanetary disks in situ.
Two important points regarding the model are as follows. First, the choice of a dust-settled
model, chosen based upon the observational inference of a reduction of small grains from the
upper layers of planet-forming disks (35), results in the disk being more permeable to X-rays,
which are scattered by gas and dust, and thus the model adopted at present is more favorable
towards deuterium fractionation than a well-mixed (uniform gas-to-dust ratio) disk model. Sec-

ond, because the mass of the disk is slightly lower than the typical MMSN, the average gas
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density would also be slightly lower than a MMSN model. Thus ion-recombination is propor-
tionally less efficient in a lower mass model, making for a higher steady state abundance of
ions present for fractionation. Both of these effects would lead to our fiducial model predicting
higher D/H ratios than expected, and therefore our D/H results are likely to be upper limits,
i.e., the total fractionation of water in the disk may be lower, and consequently requiring more
water to be interstellar in nature. To test the latter scenario, we re-ran all of our chemical models
(described in detail below) with a factor of ten reduction in density and all other parameters held
constant. There was no significant change in the abundances relative to hydrogen calculated for
the low-density model and so the net effect of the disk mass on the chemical results is small.
The dust temperatures are calculated using the radiative transfer code TORUS (19, 36-39)
where we have assumed stellar parameters typical of the Sun at 1 — 3 Myr as described in the
main text. The gas temperatures are computed using a fitting function relating the local strength
of the FUV field and disk gas density (40). The stellar FUV and X-ray radiative transfer is
calculated using a 2D Monte Carlo treatment (41, 42). For the FUV radiation field we include
absorption and scattering from dust in the continuum calculation, as well as resonant scattering
off atomic hydrogen for Lyman-« propagation (4/). The X-ray treatment includes both photo-
absorption and scattering by dust grains and gas (42), which is essential as scattered X-ray
photons provide the baseline midplane ionization in the absence of cosmic rays and radionuclide

decay. The physical model and radiation fields are shown in Fig. S4.
Non-Stellar Ionization Processes

In addition to X-ray photoionization, our model includes non-stellar ionization from external
galactic cosmic rays (GCR) and internal short-lived radionuclide decay. In the Solar System,
the solar wind is observed to efficiently modulate the GCR flux within a region known as the
Heliosphere, especially at low GCR energies. The net result is over a factor of 2 10 reduction

in the GCR 1ionization rate under present day solar minimum conditions. T Tauri stars likewise
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drive stellar and disk winds, and thus it would not be unexpected for this mechanism to operate
at equal or perhaps higher efficiency in the circumstellar environment of a T Tauri star. The
GCR ionization rate present in a disk has not yet been directly measured, but limits on the GCR
ionization rate from HyD™ non-detections indicate that the GCR rate is sub-interstellar (20).
Because the ionization rate is unknown in the young circumstellar environment, we assume an
unattenuated GCR ionization rate of (gcr = 2 x 107 s7!, commensurate with the GCR rate
under modern day solar maximum conditions (/9). From the specific solar maximum GCR
spectrum we self-consistently vertically propagate GCR protons, including energy dependent
losses through the gas disk, thus providing a comprehensive treatment of GCR ionization under
the influence of wind modulation. We emphasize that the GCR rate may be lower if winds are
even more efficient at excluding cosmic rays from the natal environment, and thus deuterium
fractionation powered by GCR ionization may be further hindered.

Within the disk, near the geometrical midplane, contributions from the decay of radioactive
particles become another important source of ionization, especially under the instance of GCR
modulation. The decay products, primarily y-rays, positrons and electrons, originate from the
decay of 2°Al, 3°Cl and %°Fe embedded in the refractory (dust) component. For pebbles less
than a4 < 1 cm in size, the decay products can escape the pre-planetesimal prior to losing all
of there energy (43). In the present model, we have included grain-growth up to a4 = 1 mm
in the dust opacities, and thus we assume that all decay products escape the dust particles and
are available for ionization, and the SLR abundances are taken to be the initial abundances
present in the protosolar nebula (44). Depending on location in the disk and the type of decay
product considered, particles can be lost from the gas disk prior to losing all energy to ion-
ization. For example, 2°Al [3-decay results in the emission of a positron (X ~ 0.1 g cm™2)
and energetic MeV photons (X ~ 12 g cm™~?2), which are each trapped at different disk surface

densities and thus different radial locations in the disk. Thus treatment of the losses of the ra-
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dionuclide decay products is important in a complete picture of disk ionization, especially in
the outer (R > 30 AU) disk. Furthermore, because our disk is settled, i.e., the dust and gas are
no longer uniformly distributed, we calculate the vertical and radial position-dependent decay
product losses, treating each decay product individually with regards to the relevant energy loss
mechanism (44). We note that if decay products are either trapped within dust particles or if
the abundance of SLRs is lower than the protosolar value, the corresponding ionization rate
due SLR decay would also be lower, further hindering D-fractionation. In Fig. 2 we show both
the standard, fully present GCR 1onization structure (left) next to our fiducial ionization model
adopted in the main text (right), incorporating a mildly wind-excluded incident GCR ionization

rate and detailed radionuclide transfer through the gas and dust disk, as described above.
Chemical Reaction Network

We calculate time-dependent chemical abundances as a function of position throughout the
disk utilizing a comprehensive disk chemistry code (19, 45). The backbone of the chemical
network is based upon the Ohio State University’s gas-phase reaction network (46), which has
been substantially expanded to include a host of chemical processes important in disks, includ-
ing photodissociation, freeze-out, thermal and non-thermal sublimation, CO and Hy/HD/D,
self-shielding (47), stellar and non-stellar ionization of Hy, and Helium (45). In addition to
the standard set, which encompasses 5912 reactions and 550 unique species, we have further
expanded the network for the present study to include the essential deuterium fractionation reac-
tions surrounding HoD™ chemistry, along with HDO. We have also expanded the set to include
simple, primarily hydrogenation-based grain surface chemistry (48), which forms HDO/H-O,
HDCO/H5CO, H,, HD and D,. It has been shown that deuterium enrichments are efficient in
the gas phase (49) and in ices on dust grains (50). An additional fifty species are included in
the expanded network, and the full set of reactions totals 6268. The initial abundances in our

model relative to total number of hydrogen atoms are listed in Table S1.
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Unless otherwise specified, the majority of the deuterated isotopologue reactions mirror
those for the main isotopologues, where we have assumed the same reaction rate coefficients
for both, and statistical branching ratios where appropriate. In addition to Hy, HD and D, are
directly ionized by X-rays, GCRs and SLRs. Specific reaction rates are taken from the literature
for the deuterated versions of the following reaction types: (i) Hy + Hy, HJ electron recombi-
nation and H;{ + H (51); (ii) reactions with H" and atomic/molecular hydrogen, reactions with
deuterated HCO™, NoH™ and atomic hydrogen (52); and (iii) neutral-neutral warm deuterium
reactions with barriers (53).

There is one important exception in reaction set (i) regarding HoD™ + H,, where we take
into account the ortho- and para- spins of both reactants (54). The ortho- and para- forms
are not treated as distinct species but we instead assume that they are present with a thermal
abundance ratio following (55). Including the spin information is important, as the energy
barrier depends strongly on spin, with the reaction being barrierless if both reactants are ortho-
type and AF;, = 226 K if both are para-type, for example. Thus we calculate the local energy
barrier for this reaction as a weighted mean of the ortho/para types in our determination of the
reaction rate. Finally, inclusion of the warm fractionation reactions in (iii) did not change our
results.

To keep the network relatively chemically simple and transparent, we set out to form only
singly deuterated water, HDO. In the gas phase, deuterium enrichments are driven by ion-neutral
reactions with HoD™, where HoD™ reacts with oxygen, eventually leading to H,DO™, which
can recombine with charged grains and electrons ~ 25% of the time to form water (the rest of
the time it goes to OH and either H or Hy). On the grain surfaces, HDO forms by subsequent
hydrogenation of oxygen ice (48, 56). Oxygen does not need to be “permanently” bound to the
surface but simply needs to stay on the surface long enough for a hydrogen to adhere to a grain,

sweep out the grain surface, and react with the heavier molecule (in this case, oxygen), which
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remains largely stationary.
Binding Energies

For most species, we assume the same binding energies for deuterated and main isotopo-
logues. One exception is that we assume the surface binding energy of physisorbed deuterium
is slightly higher (21 K) than hydrogen, (D) = 471 Kand E,(H) = 450 K (57). The distinc-
tion of physisorbed hydrogen stems from the observed fact that hydrogen has two main types
of bonds on a substrate. Physisorbed hydrogen weakly adheres to a surface by van der Waals
forces with binding energies of around Ej,(H) = 450 K. The second type is a far stronger chem-
ical bond, called chemisorption, and has binding energies typically of order a few eV. Formally
each of these bonds corresponds to a different state of hydrogen on the grain surface, but be-
cause we do not track individual atoms we approximate this behavior by adopting a significantly
higher chemisorption binding energy (£, = 3000 K) with respect to thermal and non-thermal
desorption processes but adopt the physisorption energy when calculating the rate of hydrogen
grain surface reactions, which proceed through the more mobile atoms.

Another grain-surface facet of this study is a new treatment of the CO binding energy. CO
is the second most abundance molecular volatile after Hy, and has been well studied in its
binding properties on various substrates (26, 58, 59). The specific binding energy of CO to a
substrate depends on the surface composition, namely if it is coated in water, CO, or COs ices,
or bare. The CO on CO binding energy was determined to be Fj, = 855 K (58), corresponding
to a dust temperature of 7; ~ 17 K. However, in regions of the disk close to and above this
temperature, the surface seen by freshly adsorbed CO molecules will be predominantly non-
CO by construction. Again, because we do not track individual ice mantles nor their multi-
layered structure, we approximate the binding surface based upon the local temperature. At
dust temperatures below T,; < 25 K, the ice will be primarily CO-dominated, and thus we adopt

a binding energy of £, = 855 K. Between 7;; = 25 — 50 K, approximately corresponding to
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temperatures between the freeze-out temperature of COy down to that of CO, the ice mantle
will be primarily CO,. CO, is a gas- and grain-surface product that readily proceeds in our
chemical models in the presence of free oxygen or hydroxyl radicals. At temperatures exceeding
the freeze-out temperature of CO,, T; > 50 K, the mantle will be primarily water ice, and
above the water ice freeze-out temperature of 7' ~ 100 K, the grains will be mostly bare. The
increased binding energy for CO on HyO has been previously recognized (26, 59), however the
consideration of CO, on CO is a new facet in the present study.

The relative binding energies of pure CO, CO on CO; ice and CO on H,O ice were explored
using temperature programmed desorption experiments of pure CO ice and thin CO layers on
top of CO, and H,O ices. Previous experiments have demonstrated that CO-CO and CO-H,O
binding energies differ substantially (60), but less is known about the CO-CO,, interaction.

The experiments were carried out in a new ultrahigh vacuum (UHV) chamber (custom-
made, Pfeiffer Vacuum), evacuated by a Pfeiffer Turbo HiPace 400 pump backed by a DUO
10M rotary vane pump to a base pressure of ~ 10 mbar at room temperature. Ices are grown on
a 2 mm thick IR transparent Csl substrate mounted on an optical ring sample holder through.
The sample holder is connected to the cold tip of a closed cycle He cryostat (Model CS204B,
Advanced Research Systems, Inc.) capable of cooling the CsI substrate down to 11 K. The
cryostat is mounted on the top port of the chamber via a differentially pumped UHV rotary seal
(Thermionics RNN-400) that allows 360 degree rotation of the Csl substrate inside the chamber
without breaking the vacuum during the experiment. The Csl substrate is mounted onto the
nickel-plated OHFC copper sample holder using silver gaskets for good thermal contact. A
50 ohm thermofoil heater is connected to the cryocooler tip so that the temperature of the
substrate can be varied between 12 — 350 K. The temperature of the substrate is controlled and
monitored by a cryogenic temperature controller (Lake Shore Model 335) using two calibrated

silicon diode sensors (accuracy of +0.1 K), one connected directly to the sample holder and
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the other near the heater element. During heating, the temperature is increased using a linear
heating ramp controlled by a positive feedback loop set using the Lake Shore 335 temperature
controller.

Ices were grown onto the sample window using vapor deposition along the surface normal
using de-ionized and freeze-thaw purified water, and high-purity CO and CO, gas (> 99%
purity guaranteed, which was confirmed by mass spectrometric measurements). The individual
ice layer thicknesses were estimated from the deposition time and pressure and then quantified
using transmission infrared spectroscopy using a Vertex 70v spectrometer with a liquid nitrogen
cooled MCT detector and literature absorption coefficients (67). In the presented experiments
the pure CO ice is 16 monolayers (ML), the layered CO/CO, ice is 2/51 ML and the layered
CO/H;0 ice is 3/46 ML. That is, in each experiment the ice thickness is sufficient to ensure that
the underlying substrate is not affecting the desorption energies, and the top CO layers are thin
enough that interactions with the underlying CO5 and H,O ices should dominate the desorption
temperature of CO.

Following deposition, the ices were heated up using a linear 1 K/min heating ramp and the
desorption rate of CO was monitored using a Pfeiffer quadrupole mass spectrometer (QMG
220M1, mass range 1-100 amu) positioned 40 mm of the CsI substrate. The resulting Temper-
ature Programmed Desorption spectra are shown in Fig. S5. Qualitatively, the desorption peaks
of pure CO, CO, and H5O are clearly separated. The desorption rate of CO peaks at 28.5 K, the
CO/CO, rate at 37 K, and the CO/H,0 at 44 K. The pure CO and CO/H50 desorption behavior
is consistent with previous studies (58, 60). The binding energy in Kelvin can be estimated from
the peak position (62), by multiplying the peak desorption rate temperature by 30. This yields
binding energies of 855, 1110, and 1320 K for CO-CO, CO-CO, and CO-H;O, respectively.
Observe that this 1s a rather crude estimate and should mainly be used to constrain the relative

binding energies of these three systems, while more experiments and more detailed modeling is
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required to set the absolute scale.
Chemical Model Tests

In our use of simplified deuterium network, there is concern that we may miss essential low-
lying reactions that contribute over the duration of the chemical calculations or act in combina-
tion with a handful of other slow reactions that may impact our results. To test this hypothesis,
we have extracted the physical parameters (Table S2) at a representative point at the outer disk
midplane (2 = 40 AU) and the inner disk midplane (R = 3 AU) from our disk model and
have calculated the corresponding abundances using a more advanced general deuterium chem-
ical network (63). The D/H values from our calculations (A) and the point-wise large scale
network (B) are shown in Table S3, where both models start with the same set of initial con-
ditions (Table S1). For the most part the models are in good agreement, especially regarding
the low D/H predicted for water, though some differences do exist. The disparity in HoD*/Hy
is a consequence of different assumptions for the reaction rates, where we have included the
ortho-to-para spin information in the calculation of the rate coefficients (54). In the B-model,
E, = 124 K is assumed at both points. The HoD/HJ ratio in both cases is not directly im-
printed into the water as a consequence of the oxygen being trapped in water, CO, and CO, ices
and not available for new water chemistry, and thus the conclusion of little deuteration of water

holds.
Further Considerations

In the present section we compare how our choice of model parameters impacts the primary
results of this paper. To compare the main paper results to a model with GCRs fully present
(unmodulated), we have recomputed our chemical models assuming a typical GCR rate (model
type WO8; (19)). The results are shown in Fig. S6. The HDO/H,O ratio in ices is elevated

from the main paper result. The layer of water ice where the D /H ratio is enriched is larger but
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remains centered on the warm molecular layer. The maximum vertically integrated column of
HDO/H,O0 in ices approaches HDO/H,0O ~ 10~* at the disk outer edge (R ~ 80 AU), which
is still below VSMOW (HDO/H,0 ~ 3 x 10~* = 2 x [D/H]yqyow)- Recent models which
include mixing have found that under a fully present GCR ionization rate, the D/H in water
approaches [D/ H]HQO = 2 x 1073 after 1 Myr regardless of initial conditions and thus would
allow for the D/H ratio to be mixed up from the molecular hydrogen value (27). Because
we do not include mixing we cannot compare with this claim directly, but in the instance of
a low GCR ionization rate the efficacy of this process will be significantly curtailed. In their
models, oxygen is transported into the deuterium rich midplane to reform water. The timescales
for this process in the gas phase are too long compared to the freeze out time for oxygen onto
grain surfaces regardless of ionization rate, so water reformation would have to be grain-surface
chemistry driven. However, given the low abundance of hydrogen atoms to fuel hydrogenation
(x[H] ~ 107** and x[D] ~ 107'7), grain surface reformation of water would not be efficient,
and it is instead more favorable for the oxygen (or OH) to react with CO ices abundantly present
on the grains to form CO, prior to getting doubly hydrogenated to make water, even though to
CO reactions have a weak barrier, £}, ~ 80 K (64).

Another component of our study was that we initiated the chemistry with all oxygen as
gas-phase CO and water ice (Table S1). One could alternatively begin with nearly all oxygen
in atomic form, i.e., fully available for chemical processing. We computed a second model
assuming the initial abundance of oxygen was x(O) = 2 x 107 and x(H,0 ice) =5 x 107°
with HDO ice scaled appropriately to the protostellar molecular hydrogen D/H value. The
results are shown in Fig. S7. As can be seen, the HDO/H-O ratio is slightly higher but still well
below VSMOW, and thus our results regarding D/H in water do not depend strongly on where
the oxygen is initially. Furthermore, the model that begins with a substantial fraction of oxygen

in atomic form rather than water only increases its water ice abundance by 0.2% at 30 AU in
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the midplane after 1 Myr. The lack of ionization not only hinders the formation of deuterated
water (whose reactants are less abundant an take longer chemical times), but also the formation
of the main isotopologue, H,O, at the midplane. Based on the knowledge that comets are
comprised of a significant fraction of water by mass, approximately ~ 30% (65) where silicates
and refractory carbonaceous material comprise the rest, it seems unlikely that the disk formed
from an initially primarily oxygen state, otherwise comets would be CO, “snowballs” rather
than water “snowballs.” Above the midplane, where z/r 2 0.15, the disk is able to convert the
oxygen to water where there is sufficient ionization. Nonetheless, the water formed in this gas
still has just [D/H] o, = 5.3 x 107° after 1 Myr, more than a factor of 3 below VSMOW.
Thus we find that regardless of initial oxygen abundances, chemical model assumed, and
density structure, it is very difficult for disk chemistry alone to produce a significant amount
of deuterated water ice (or perhaps any water ice) in the bulk gas at the outer disk, even at
the VSMOW level, and thus the deuterium in water must have an interstellar heritage that has
been since mixed down with warm deuterium-poor water to the values measured today. Con-
sequently, the survival of deuterium enrichments originating from interstellar ices will depend
upon processing during the initial disk formation (/5, 16) and the efficiency of mixing in the
solar nebula between the active surface and the inert midplane, in addition to radial mixing with

the warm inner (< 3 AU) disk.
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0.2 Supplementary Figures and Tables

Table S1: Log of the initial chemical abundances, y, per total number of hydrogen atoms.

Species  log(x) | Species log()
Hy -0.30 | H,Oice  -3.60
HDOice -8.00 | He -0.85
N -4.65 | CN -7.22
Hs™ -8.00 | CS -8.40
SO -8.30 | Si -11.00
St -11.00 | Mg™ -11.00
Fe* -11.00 | C* -9.00
CcO -4.00 | Ny -6.00
C -6.15 | NH3 -7.10
HCN -7.70 | HCO™ -8.05
HD -4.70 | HyD* -9.89
HD, " -10.00 | D3™ -9.70
C,H -8.10

Table S2: Physical parameters for the chemical model comparison points in the midplane at the
specified radii.
R ny Tg Td ) (CH2) Aﬂ{/
(AU)  (em™)  (K) (K) (s
1| 40 3.6x10° 21.6 21.6 1.1x107%® >20
2 3 1.8 x 101 567 56.7 1.5x10718 > 20
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Table S3: Independent chemical model comparison results. Table values given with respect to
D/H in Hy, i.e. f[R] = R/4 x 107°. A = chemical model presented in the main text; B =
complex gas-grain deuterium chemical model (63).

1 2
Ratio A B AB| A B A/B
f[H,DT/HZ] | 115 230 05 | 1.5 6.7 0.2
f[HDO/H,0] | 1.0 1.1 09 |10 1.1 09

Table S4: D/H values and references from Fig. 1.

Label Value Type Reference
H,

Protosun (2.00 £0.35) x 107 Value (23)
Jupiter (2.60 £ 0.70) x 10~° Value (66)
Uranus (4.40 +0.40) x 107° Value (67)
Water

Lunar Apatite (1.12 — 1.52) x 10 Range 3
Martian melt inclusions <1.99 x 1074 Upper Limit )
Semarkona Phyl. (7.70 +1.00) x 1074 Value (68)
CI Meteorites (Sub) (6.43 —9.77) x 1074 Range (10)
CM Meteorites (Sub) (8.29 —9.01) x 104 Range (10)
Tagish Lake (Sub) (5.00 — 7.24) x 1074 Range (10)
Semarkona (Sub) (2.80 — 3.44) x 1074 Range (10)
J.F. Comet (1.61 £0.24) x 1074 Value (69)
P/Halley (3.0240.07) x 10~* Value 9
Hyakutake (2.90 £+ 1.00) x 104 Value 8
Hale-Bopp (3.30 £ 0.80) x 1074 Value (70)
Interstellar HoO (2.95 —9.50) x 1074 Range (14)
IRAS 16293-2422 9.207200 5 10~ Value (13)
IRAS 16293-2422 Env.  (6.00 £ 5.00) x 1073 Value (12)
Interstellar Ices < 1.70 x 1072 Upper Limit (71)
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Figure S1: Disk model assumed. Panels are: a) gas density, b) dust density, ¢) dust temperature,

d) gas temperature, e) spectrally integrated X-ray flux, f) spectrally integrated continuum far UV
flux. In panels c) and d) red and white lines delineate 7' = 100 K and 7" = 17 K respectively.
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Figure S2: Temperature programmed desorption spectra of pure CO, CO desorbing off a CO,
ice, and CO desorbing of an amorphous H,O ice. The desorption rates have been scaled to a
unity peak desorption rate for visibility.
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Figure S3: Abundance and D-fractionation results for a standard ISM GCR rate. The H; abun-
dance 1is significantly elevated in the midplane compared to the fiducial model, and thus the
vertically integrated D/H in HoD™ is substantially higher owing to the cold gas contribution to
the column. The D/H in water remains low, however, due to a lack of freely available oxygen
for water reformation. Plot labels are the same as for Fig. 3.
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Figure S4: Test case model where we began initially with most of the oxygen (that is not in CO)
in gas-phase atomic O, rather than water ice. Water D/H in ices remains low, even when we
begin with atomic oxygen due to a lack of ionization. Thus the models are not strongly sensitive
to the initial conditions of the oxygen. Plot labels are the same as for Fig. 3.
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